In mixing experiments, we show that U2 snRNP from one extract does not exchange with U2 snRNP associcessing step is the excision of intronic sequences by the spliceosome, a large complex containing five phyloated with tri-snRNPs from another extract but that the U1 snRNPs can exchange to a modest extent. These genetically conserved small nuclear RNAs (snRNAs) assembled into small ribonucleoprotein (snRNP) particles results indicate that the previous idea of an order of "addition" of discrete U1, U2, and U4/U6•U5 snRNPs to and over 60 proteins (reviewed in Burge et al., 1999; Will and Lü hrmann, 2001). In the context of the spliceosome, the pre-mRNA substrate during spliceosome assembly likely resulted from disruptions of native tetra-and/or introns are removed by two sequential transesterification reactions which splice the flanking exons together penta-snRNP particles when these were subjected to destabilizing conditions in previously reported assays. to generate the proper mRNA sequence.
3A and 3C, fractions 22-26); however, they were not competent for splicing. In Figure 3B , the 60S and 80S ribosome particles were pelleted, and again splicing acoma monoclonal antibody column at low salt concentrativity was found in the 35-50S region near the pellet. tions (50 mM NaCl) and selectively eluted with the polyThe latter sedimentation conditions were employed to oma peptide as previously described (Stevens, 2000) . characterize all of the proteins in the penta-snRNP (see The column eluate was layered onto a 10%-30% glycbelow). erol gradient to effect the separation of the snRNPs containing the tagged Prp4 protein. At monovalent salt concentrations of 50 mM, a U2•U4/U6•U5 tetra-snRNP Endogenous Penta-snRNPs Are the Major Precursors to Spliceosomes in Yeast Extracts and a U1•U2•U4/U6•U5 penta-snRNP are separable from the tri-snRNP by glycerol gradient sedimentation Although penta-snRNP was functional when added to MN-treated extract, we could not conclusively demon- (Figure 1 ). The penta-snRNP sediments at ‫05-53ف‬S and contains the U1, U2, U4, U5, and U6 snRNAs (Figure strate that the penta-snRNP functioned as an intact particle in those experiments. A test for the integrity of 1A). As detailed below, this particle contains almost all known U1, U2, and U4/U6•U5 snRNP proteins (Figure functional penta-snRNP was carried out in a mixing experiment. In these experiments, we took advantage of 1B) (Caspary et al., 1999; Gottschalk et al., 1998 Gottschalk et al., , 1999 Stevens and Abelson, 1999) . As this particle contains the existence of viable yeast mutants in which the U1 or U2 snRNAs contain a large deletion of nonessential all of the spliceosomal snRNPs, we tested the purified penta-snRNP for splicing activity.
sequence (U1␦ and U2␦ snRNAs). Extracts were pre- pared from a strain containing wild-type snRNAs as well eliminate detection of recycled snRNPs after a round of splicing. as an epitope-tagged Prp4 protein (WT-tagged extract) and from strains containing no epitope tags and short-A schematic diagram of our test for functional U1 and U2 snRNPs in the context of penta-snRNP particles is ened U1␦ or U2␦ snRNA (U1␦ or U2␦ extract). All extracts were competent for in vitro pre-mRNA splicing (data not shown in Figure 4A . A test for exchange of U2 snRNPs in mixed extracts is shown in Figure 4B . Where indicated, shown). In the accepted model of spliceosome assembly, U1 and U2 snRNPs act independently of the U4/ extracts were mixed and incubated prior to use in a large splicing reaction (see Experimental Procedures). U6•U5 tri-snRNP, suggesting that mixtures of shortened and WT U1 or U2 snRNA should associate functionally Total RNA from each extract was subjected to primer extension analysis, and the U2 extension products are with the tagged tri-snRNP when bound to pre-mRNA. After incubating the separate or mixed extracts with shown for WT U2 (lane 1) and for U2␦ (lane 2). Controls containing an intronless, biotinylated RNA (lane 3), no biotinylated pre-mRNA under standard splicing conditions, tri-snRNP-containing particles were immunopuripre-mRNA (lane 4), or nonbiotinylated actin pre-mRNA (lane 5) resulted in no purification of U2 snRNA. Splicing fied by virtue of the epitope-tagged Prp4 protein and were gently eluted from the affinity column. From this reactions conducted using WT-tagged extract only were subjected to the two affinity chromatography steps. As pool, functionally engaged spliceosomes were then affinity purified using streptavidin beads. Associated expected, the WT U2 snRNA was affinity selected whether or not the extract was depleted of ATP (Figure snRNAs were recovered after proteinase K digestion, phenol extraction, and ethanol precipitation and were 4B, lanes 6 and 7). Although the association of U2 snRNP with pre-mRNA after ATP depletion may seem contradicsubjected to primer extension analysis. All splicing reactions after 10 min received a chase of additional ATP tory to the traditional view of yeast spliceosome assembly, spliceosomes containing U2•U4/U6•U5 snRNPs, or yeast and an excess of nonbiotinylated actin pre-mRNA to Figure 3 . Penta-snRNP Splicing Activity Sediments at ‫54ف‬S in Glycerol Gradients (A) Glycerol gradient separation of the affinity-purified penta-snRNP was performed under centrifugation conditions which resolve larger complexes. The splicing activity of the gradient-purified penta-snRNP fractions using 32 P-labeled pre-mRNA in MN-treated yeast extract peaks at ‫54ف‬S. XT, extract. (B) Glycerol gradient separation of the affinity-purified penta-snRNP was performed under centrifugation conditions which pellet the 60S and 80S ribosomes. These centrifugation conditions were used to purify the penta-snRNP for mass spectrometry analysis. The fractions with splicing activity correspond to those in (A); however, the active fractions were additionally assayed for splicing without addition of MN-treated yeast extract, and splicing activity was shown to depend on the presence of MN-treated extract. The fractions used for mass spectrometry analysis are highlighted, and equivalent fractions are similarly highlighted in ( We conclude that competent U2 snRNP is stably associated with tri-snRNP in penta-or tetra-snRNP complexes U2␦ extract only did not yield any U2␦ snRNA by the affinity purification scheme as there was no epitope tag prior to specific binding of pre-mRNA. Tri-snRNP-associated U2 snRNPs cannot exchange under the ionic conon the Prp4 protein in this extract ( Figure 4B , lanes 8 and 9). To functionally test for the ability of the short ditions optimal for pre-mRNA splicing in vitro. The U2 snRNP component of the penta-snRNP can, and full-length U2 snRNPs to associate with biotinylated pre-mRNA, splicing reactions were subjected to the however, reassociate with U4/U6•U5 snRNPs in a stochastic manner when exposed to high salt. A mixture streptavidin affinity step only. Lanes 12-15 of Figure 4B demonstrate that both extracts contain U2 snRNPs that of WT-tagged and U2␦ extracts was dialyzed to high salt and then returned to splicing buffer conditions by are functionally capable of interacting with pre-mRNA; lane 16 shows that there is no bias between short and dialysis. The resulting material was subjected to Prp4 affinity chromatography, and the resulting coimmunofull-length U2 in interacting with pre-mRNA after mixing the two extracts. Mixing WT-tagged and U2␦ extracts purified U2 snRNAs were equally mixed as shown in Figure 4B , lane 17. This experiment demonstrated that and subjecting the subsequent splicing reaction to the two-step affinity purification resulted in recovery of only high salt can induce dissociation and scrambling of the penta-snRNP components. Dialyzing back to splicing the WT U2 snRNA, indicating that short U2␦ snRNP was conditions caused both U2 snRNPs from the mixed exheated to 95ЊC prior to phenol extraction, etc. As a marker for U6 snRNA, an identical portion of the pentatracts to reassociate with the tagged tri-snRNP. Experiments analogous to those described above for snRNP was similarly processed but heated immediately before loading onto the gel. These samples are shown the U2 snRNP assays were conducted for the U1 snRNP ( Figure 4C ). The controls were identical to those used in Figure 5A . The penta-snRNP sample heated prior to extraction (lane 1) shows free U6 snRNA and no detectin the U2 experiment and gave equivalent results. The mixing experiment (analogous to Figure 4B , lanes 10 able U4/U6 duplex, indicating that no appreciable reannealing of U4 and U6 RNAs occurred during sample and 11), however, demonstrated that after both chromatography steps, some short U1␦ snRNA had exchanged processing. As expected, the sample heated immediately prior to loading on the gel shows entirely free U6 with WT U1 and was recovered with Prp4-tagged spliceosomes, although U1␦ was only 16% of the total snRNA (lane 2). The unheated penta-snRNP sample shows only base-paired U4/U6 snRNAs and no detectpurified U1 snRNA ( Figure 4C, lanes 10 and 11) . This demonstrated that approximately one-sixth of the U1␦ able free U6 snRNA (lane 3). To test for ATP-driven unwinding of U4/U6 duplexes in the penta-snRNP, a snRNP participated in spliceosome assembly and that it associated with epitope-tagged U2•U4/U6•U5 tetrasample of penta-snRNP was incubated at 4ЊC for 30 min in the presence of ATP, and only free U6 snRNA snRNP (see above) either before or after binding of premRNA. Strikingly, the majority of spliceosome assembly was found (lane 4). The penta-snRNP contains only base-paired U4 and U6 snRNAs and therefore cannot be in both samples was initiated by penta-snRNPs-at least 68% of the total yield (allowing for a maximum of a fully assembled spliceosome or a postsplicing lariatintron-bound complex. 16% each of exchangeable free U1␦ and free WT U1 snRNPs). To ensure that the deletion of sequence in the U1 and/or U2 snRNAs did not introduce an experimental Quantitation of snRNAs in Isolated bias, the CHP epitope tag was moved to the Prp4 protein snRNP Complexes in the U1␦ and U2␦ strains. Extracts from these strains Nucleic acids extracted from the peak fractions of affinwere used in conjunction with a "WT extract" containing ity-purified tri-snRNP, tetra-snRNP, and penta-snRNP WT snRNAs and an untagged Prp4 protein in experiments were subjected to an RNase protection assay to quantianalogous to those described above. The U1␦-and U2␦-tate the relative levels of the snRNAs present in each tagged extracts gave equivalent results as originally obpurified particle. The protecting oligonucleotides for this served for the WT-tagged extract above, indicating that procedure are shown in Figure 5B . The tri-snRNP there was no bias introduced by our choice of sequence snRNAs are present at a 1:1:1 mole ratio. In the tetradeletions in U1␦ and U2 snRNAs (compare lane 11 of snRNP, the U2, U4, U5, and U6 snRNAs are present at Figure 
All Previously Identified snRNP Proteins
The affinity-purified 45S particle that contains all five spliceosomal snRNAs and is active in splicing when U4 and U6 snRNAs Are Base Paired in the Purified Penta-snRNP supplemented with soluble factors was found to contain 85% of all proteins that are known to be associated with An indication that the penta-snRNP is not a spliceosome comes from a determination of U4/U6 base pairing in yeast pre-mRNA splicing. Preparative amounts of the penta-snRNP were purified by pooling fractions in the the isolated penta-snRNP complex. During spliceosome assembly, U4 and U6 base pairing is completely dis-35-50S region (Figures 1 and 3D , fractions 23-27) from several glycerol gradients, extracting the proteins with rupted to allow mutually exclusive U2/U6 and intramolecular U6 helices to form. After splicing, U2 and U6 phenol and precipitating them from the organic phase with acetone. The sedimentation conditions were sesnRNPs must release the mRNA and lariat-intron products, and U4 and U6 snRNPs must rejoin before the lected to pellet 60S and 80S particles and thereby avoid contamination with ribosomes ( Figures 3B and 3D ). The next round of splicing.
We therefore assayed the base pairing status of the resuspended penta-snRNP proteins were separated by SDS-PAGE and stained with Coomassie blue G-250 (see U4 and U6 snRNAs in purified penta-snRNP (a glycerol gradient fraction equivalent to fraction 16 in Figure 3A Supplemental Figure S1 at http://www.molecule.org/ cgi/content/full/9/1/31/DC1). The entire lane of pentawas used for this analysis). Phenol-extracted pentasnRNP RNA was precipitated with ethanol, resuspended snRNP proteins was fractionated by cutting it into ‫4ف‬ mm wide gel slices, and the proteins contained in these in low-salt gel loading buffer, and loaded on a native polyacrylamide gel. Bands containing U6 snRNA were gel bands were identified by tandem mass spectrometry (Davis and Lee, 1997). assayed by Northern hybridization using primers made by random hexamer priming on a PCR fragment of U6
Relevant data for the penta-snRNP proteins identified by mass spectrometry are presented in , 1998a) . The periments we present in this paper (Figure 4 ) suggest instead that in extracts, the majority of active U1 snRNP finding of U4/U6 base pairing in the penta-snRNP is not consistent with the possibility that the penta-snRNP binds to pre-mRNA in the context of a preformed, endogenous U1•U2•U4/U6•U5 penta-snRNP. Furthermight be a fully assembled spliceosome or a postsplicing lariat-intron-bound complex, because U6 RNA is not more, the U2 snRNP component does not exchange freely prior to pre-mRNA binding; rather, it functions base paired with U4 in such complexes. One could argue that the penta-snRNP might be a partially assembled entirely within endogenous penta-and tetra-snRNP complexes. We review below a growing set of observaspliceosome arrested prior to U4/U6 unwinding; however, it seems unlikely that we could have isolated a tions that support this altered view of spliceosome assembly. homogeneous collection of spliceosomes blocked at this early stage of spliceosome assembly. Furthermore, There is a wealth of evidence for the existence of large, salt-sensitive snRNP complexes in both yeast and the penta-snRNP completely lacks proteins known to bind pre-mRNAs such as the cap binding complex (CBC) mammalian extracts. Zieve and Penman (1981) demonstrated the existence of the human U1 snRNA in a saltor hnRNPs, which bind to pre-mRNA with multimolar sensitive particle that sedimented at up to 150S in velocinteractions between the 5Ј splice site and pentaity gradients. Konarska and Sharp (1988) also noted snRNP. multi-snRNP complexes in human extracts under modiAnother recent result challenges the traditional view fied salt conditions. Indeed, the salt sensitivity of the of spliceosome assembly-the mammalian commitment penta-snRNP is itself compelling evidence that the complex (or E complex) was found to contain both U1 penta-snRNP is not a spliceosome bound to pre-mRNA, and U2 snRNPs (Das et al., 2000) rather than only the as previous work from this laboratory showed that the U1 snRNP as had previously been thought. This indifully assembled spliceosome was stable to sedimentacated that purification of splicing complexes under contion in 400 mM KCl (Clark et al., 1988) . A survey of ditions more similar to those required for splicing allows the yeast pre-mRNA splicing literature shows that, at one to isolate larger, more functionally relevant commonovalent salt concentrations compatible with splicplexes. ing, all five spliceosomal snRNAs can be coimmunoThese results lead us to propose a modular model for precipitated using a monoclonal or polyclonal antibody spliceosome assembly as presented in . Peptides exCarboxy-terminally tagged Prp4 and Dib1 proteins were generated tracted from the gel were analyzed by LC/MS/MS using a customby a knockin procedure (Lafontaine and Tollervey, 1996) using plasbuilt capillary LC system interfaced to a thermoquest LCQ quadrumid pCHP424 (Stevens, 2000) . Selection for integrants was perpole ion trap mass spectrometer (Davis and Lee, 1998). Fragmented formed using SD medium lacking tryptophan. Correct integration ion mass spectra were screened (Moore et al., 2000) and searched was determined by polymerase chain reaction (PCR) using a primer against the NCBI nonredundant database using the Sequest procomplementary to the Prp4 or Dib1 coding regions and another gram (Eng et al., 1994) . Database matches found by Sequest were complementary to the knockin fragment followed by sequencing of then manually validated by comparing the actual and predicted the PCR product. These constructs were generated using haploid spectra. Spectra of peptides from known contaminants such as S288C strain BY4734. Large-scale yeast splicing extracts were prehuman keratin and trypsin as well as single matches to non-yeast pared by the liquid nitrogen blending method using cells grown in proteins were ignored. a 200 liter fermenter, as previously described (Stevens and Abelson, 1999). Extracts were adjusted to 50 mM NaCl, 20 mM HEPES (pH Pre-mRNA Splicing Assays 7.9), 8% glycerol, 1.5 mM MgCl 2 , 10 mM 2-mercaptoethanol, 0.2 Pre-mRNA splicing reactions were performed under standard condimM phenylmethylsulfonylfluoride, 1 g/ml leupeptin, and 1 g/ml tions as previously described (Lin et al., 1985) . Micrococcal nuclease pepstatin (Buffer D50) by dialysis. Extracts were passed through a treatment and quenching were performed as described (Yean and polyoma antibody column (Stevens, 2000) at 5 ml/hr, washed with Lin, 1991). When penta-snRNP fractions were assayed for splicing, 75 column volumes of buffer D50, and eluted in D50 containing they constituted 40% of the reaction mixture, and MN-treated ex-100 g/ml polyoma peptide (Stevens, 2000) . PCR reactions were tract constituted an additional 40%. Actin pre-mRNA was uniformly performed using a mixture of Taq DNA polymerase and Pfu DNA labeled with [␣-32 P] UTP, and 2 fmol of 32 P-labeled pre-mRNA was polymerase (Stratagene, La Jolla, CA). All chemicals were purchased used in all splicing reactions (0.4 nM final concentration). Generally, from Fisher or Sigma. the product mixture was split, and one half was run on a native PAGE gel (4% polyacrylamide, 80:1; 1ϫ TAE) for 6.5 hr at 200 V at Large-Scale Splicing Reactions and Spliceosome 4ЊC, and the other half was phenol extracted, precipitated, and run Affinity Purification on a 7% denaturing polyacrylamide gel (29:1, 1ϫ TBE) to visualize Strains used for the mixing experiments were: ySS344 (WT), SS19 the radiolabeled splicing products using a Molecular Dynamics (⌬192-506) from Paul Siliciano (used as U1␦), and U2⌬2 from Andrey PhosphorImager screen. Balakin (used as U2␦). Extract preparation was performed using the liquid nitrogen-cooled grinding method as previously described (Ansari and Schwer, 1995). The resulting extract was extensively Quantitation of snRNA dialyzed (3 ϫ 2 hr in 4 l of D50 buffer). For ATP depletion, extracts Peak fractions of tri-, tetra-and penta-snRNP were phenol exwere adjusted to 2 mM glucose and incubated at 23ЊC for 10 min.
tracted, and the total nucleic acid in each was precipitated with Five hundred microliter splicing reactions were assembled as preethanol. The following oligonucleotides were used for RNase protecviously described (Lin et al., 1985) . For reactions in which mixing tion assays according to the manufacturer's instructions (Ambion): was required, extracts were combined and incubated at 4ЊC for 5 U1, 5Ј-AAAATAAATCAAAAATTATAAGATCCACCCG-3Ј; U2, 5Ј-CAG min prior to the addition of the other reaction components. These TTGTTACACTGAAAAGAACAGATACTACACTTGATCT-3Ј; U4, 5Ј-AAT splicing reactions were incubated at 16ЊC for 10 min and placed on TAAATTTCAACCAGCAAAAACACAATCTCGGACGAATCCTCACTG ice. Reactions were then adjusted by adding ATP to a final concen-ATATGCGTATTT-3Ј; U5, 5Ј-AAATATGGCAAGCCCACAGTAACGGA tration of 2 mM and 1 pmol of unbiotinylated actin and were further CAGCTTTACCTGTTTCTATGGAGA-3Ј; and U6, 5Ј-CGAAATAAATCT incubated at 16ЊC for 10 min. For antipolyoma immunoaffinity chro-CTTTGTAAAACGGTTCATCCTTATGCAGGGGAACTGCTGATCATC matography, 20 l of settled bed volume of anti-polyoma agarose TCTGTATTGTTTC-3Ј. beads were added to the splicing reactions, and these were incubated with mixing for 2 hr at 4ЊC. Beads were washed 5ϫ with 1 ml of D150 buffer (same as D50 but with 150 mM NaCl) containing Acknowledgments 0.05% NP-40. Elution was achieved by incubating the beads with 0.5 ml of D150 containing 0.1 mg/ml of polyoma peptide (Stevens, We thank past and present Abelson and Guthrie laboratory members for helpful conversations and Christine Guthrie, Patrizia Fabrizio, 2000). Eluted material was incubated with paramagnetic streptavidin beads (Promega, Madison, WI) for 15 min with agitation. Beads were Tim Nilsen, Jean Beggs, and Jonathan Staley for sharing results prior to publication. We are grateful to Erik Sontheimer, Christine recovered using a magnetic stand and washed 5ϫ with 1 ml of D150 containing 0.05% NP-40. RNA was recovered from the beads by Guthrie, and Jonathan Staley for critically reviewing this manuscript and to Paul Siliciano and Andrey Balakin for contributing strains. incubation in 400 l of PBS containing 0.1% SDS and 20 g/ml proteinase K followed by phenol extraction and ethanol precipitaThis work was supported by National Institutes of Health grants GM32627 to J.A. and CA33572 to T.D.L., an American Cancer Socition. Oligonucleotides used for the primer extension analyses were:
